The velocity of collateral filling can be assessed in dynamic time-resolved computed tomography (CT) angiographies and may predict initial CT perfusion (CTP) and follow-up lesion size. We included all patients with an M1 ± internal carotid artery (ICA) occlusion and follow-up imaging from an existing cohort of 1791 consecutive patients who underwent multimodal CT for suspected stroke. The velocity of collateral filling was quantified using the delay of time-to-peak (TTP) enhancement of the M2 segment distal to the occlusion. Cerebral blood volume (CBV) and mean transit time (MTT)-CBV mismatch were assessed in initial CTP. Follow-up lesion size was assessed by magnetic resonance imaging (MRI) or non-enhanced CT (NECT). Multivariate analyses were performed to adjust for extent of collateralization and type of treatment. Our study comprised 116 patients. Multivariate analysis showed a short collateral blood flow delay to be an independent predictor of a small CBV lesion (P o 0.001) and a large relative mismatch (P o 0.001) on initial CTP, of a small follow-up lesion (P o 0.001), and of a small difference between initial CBV and follow-up lesion size (P = 0.024). Other independent predictors of a small lesion on follow-up were a high morphologic collateral grade (P = 0.001), lack of an additional ICA occlusion (P = 0.009), and intravenous thrombolysis (P = 0.022). Fast filling of collaterals predicts initial CTP and follow-up lesion size and is independent of extent of collateralization.
INTRODUCTION
In acute ischemic stroke, leptomeningeal collateral vessels provide blood flow to the vascular territory of the occluded artery. 1, 2 They are considered to help sustain brain viability and reduce ischemic core size. 3 Recent studies showed that robust collateral vessels on baseline study to be an independent predictor of a small followup lesion 4 and good clinical outcome 5 in patients with acute ischemic stroke. Conventional angiography is the acknowledged reference standard for assessing leptomeningeal collaterals, 6 but requires an invasive procedure and is not routinely performed during initial workup.
Noninvasive assessment of collateralization can be performed using either magnetic resonance angiography 3, 7 or computed tomography (CT) angiography (CTA). 4, 6, [8] [9] [10] The latter offers the advantages of short scan times and wide availability. In conventional CTA, however, the assessment of collaterals is heavily dependent on the timing of image acquisition. Particularly, delayed filling of collaterals distal to an arterial occlusion may impair their assessment on conventional CTA. 11 To overcome this limitation, multiple acquisition time points can improve assessment by capturing optimal enhancement of collateral vessels and quantifying the delay of enhancement.
Technical developments now allow dynamic CTAs to be reconstructed from whole-brain CT perfusion (WB-CTP) raw data sets. Smit et al. 12 have shown the value of this technique for assessing collateral vessel enhancement showed in temporal maximum intensity projections (tMIPs). Using this approach, a comprehensive assessment of the watershed of collaterals over the entire scan time has been shown to predict clinical outcome. [13] [14] [15] However, little is yet known about the value of analyzing the temporal aspects of the filling of leptomeningeal collateral vessels.
Benefits of a dynamic analysis include identification of the origin of the dominant collaterals 11 and quantification of the delay of maximum enhancement. 16 Calculating the delay for a standardized distance as a marker of filling velocity may indicate functionality of the collateral vessels and may therefore be an important predictor of outcome.
The aim of this study was to test the association of filling velocity of collateral vessels during dynamic CTA with initial CT perfusion, follow-up infarct size and the difference between CTP and follow-up.
MATERIALS AND METHODS Study Design and Study Population
The institutional review board of the Ludwig-Maximilians-University Hospital, Munich approved the study and waived requirement for informed consent. Analysis of patient data was performed in accordance with the Declaration of Helsinki. Our initial cohort consisted of 1791 consecutive patients who underwent WB-CTP for suspected acute ischemic stroke at our institution between April 2009 and January 2014. We included all patients with complete occlusion of a middle cerebral artery (MCA) in the M1 segment, with or without an occlusion of the internal carotid artery (ICA), on conventional and dynamic CTA. We excluded patients with (1) missing WB-CTP raw data sets, (2) missing follow-up non-enhanced CT (NECT) or magnetic resonance imaging (MRI) acquired at least 1 day after initial CTP imaging, 17 (3) nondiagnostic quality of conventional CTA or dynamic CTA, (4) insufficient scanning time of dynamic CTA to analyze the delay of collateral blood flow, and (5) lack of collateral reconstitution of the M2 segment distal to the occlusion.
Data on time of symptom onset, treatment with intravenous (IV) thrombolysis, and mechanical thrombectomy were collected by review of the medical chart.
Computed Tomography Examination Protocol
The multimodal CT protocol consisted of an NECT to exclude intracranial hemorrhage, a supraaortic CTA, and a WB-CTP, all performed using one of the following CT scanners: Somatom Definition AS+, a 128 slice CT scanner; Somatom Definition Flash, a 128 slice dual source CT scanner; and Somatom Definition Edge, a 128 slice CT scanner (all by Siemens Healthcare, Erlangen, Germany).
Images of WB-CTP were obtained with 0.6 mm collimation and 100 mm scan coverage in the z axis using a toggling table technique. One scan was acquired every 1.5 seconds. Tube voltage and current were 80 kV and 200 mAs. CT dose index was 276 mGy. A total of 35 mL of iodinated contrast agent was administered at a flow rate of 5 mL/s followed by a saline flush of 40 mL at 5 mL/s. Thirty-one axial slices were reconstructed per view with a thickness of 10 mm and an increment of 3 mm.
Dynamic Computed Tomography Angiography Image Processing
Computed tomography perfusion raw data sets were reconstructed as dynamic angiographies using the syngo.CT Dynamic Angio module, syngo via, VA 20 (Siemens Healthcare). The image processing included motion correction and automated bone removal.
Dynamic angiographies were then represented as source images, tMIPs, and volume rendering technique reformations. Computation of tMIPs included a 4D noise reduction, previously described. 12 
Dynamic Computed Tomography Angiography Image Analysis
Velocity of collateral filling. The velocity of collateral filling was quantified using the delay of time-to-peak (TTP) enhancement of the M2 segment distal to the occlusion. We used the delay of enhancement of the M2 segment as a surrogate marker for the filling velocity because it represents the terminus of the collateral circulation in M1 occlusions, resulting in a maximally delayed enhancement, and because it can be reliably identified.
Using an axial tMIP of the entire scan time, regions of interest (ROIs) were placed proximally and distally in all visible M2 trunks, yielding four ROIs in the M2 segment if two M2 trunks were visible ( Figure 1 ). The time attenuation curves (TACs) of all ROIs were interpolated using cubic spline interpolation to improve temporal resolution as practiced with CTP TACs. 18 The TTP defined the TTP enhancement of the interpolated TAC. Delay was defined as the mean difference of all M2 TTP measurements to the averaged TTP measurements of the contralateral M2 segment. We averaged all M2 TTP measurements to account for differences of collateral reconstitution in different areas of the MCA territory.
The M1 segment proximal to the occlusion was assessed for an early temporal branch because this finding has been associated with a better outcome 19 and could affect collateral blood flow delay.
Origin of dominant collateralization. The origin of the dominant collateralization was identified with a volume rendering technique reconstruction. Collaterals from the anterior circulation (ACA-MCA) and collaterals from the posterior circulation (PCA-MCA) were compared using a combination of the three criteria adopted from Menon et al.: 11 (1) anatomic extent, (2) prominence of arteries compared with similar vessels in the opposite MCA territory, and (3) retrograde filling time. The origin was then rated as (1) anterior dominant or (2) posterior dominant. For those cases that could not be differentiated we introduced a third category (3) indeterminate. To evaluate the origin of the dominant collateralization, we also examined the circle of Willis for the anterior communicating artery (ACoA) and the posterior communicating artery (PCoA) using tMIPs of the entire scan time.
Morphologic extent of collaterals. To analyze whether collateral blood flow delay or origin of the dominant collateralization are independent predictors of infarct size, we also assessed the maximal morphologic extent of leptomeningeal collaterals using tMIPs (20 mm slice thickness) of the entire scan time. We analyzed the collateral extent using a previously published score, 13, 14 which grades collaterals as 0 (the absence of vessels), 1 (collateral vessels visible in less than or equal to 50% of the occluded territory), 2 (collateral vessels visible in more than 50%, but less than 100% of the occluded territory), and 3 (collateral vessels visible in 100% of the occluded territory).
Image analysis was performed by two readers: one board-certified radiologist (WHS) with over 10 years of experience in neuroimaging, and one reader (SEB) with 2 years of experience in acute stroke imaging. Quantitative measurements (e.g., drawing of ROIs) were performed by the less experienced reader. The readers were blinded to clinical data, CTA, CT perfusion, and follow-up imaging.
Computed Tomography Perfusion Image Processing and Analysis
We analyzed the cerebral blood volume (CBV) and the mean transit time (MTT) to assess the association of collateralization with CTP as these parameters have been used to make inference about initial infarct size. 20 The relative mismatch was defined as the percentage of the MTT lesion without the corresponding CBV lesion.
The axial CTP images were transferred to a workstation (Syngo MMWP, VA 21A; Siemens Healthcare) and perfusion analysis was performed with the software provided by the vendor, Syngo Volume Perfusion CT Neuro, using a semiautomated deconvolution algorithm (Auto Stroke MTT), previously described, 21 the same as used in clinical practice.
OsiriX version 4.0 imaging software (http://www.osirix-viewer.com) was used for 3D assessment of CBV and MTT lesion size as previously described. 21 We avoided using rigid quantitative perfusion thresholds for the definition of the ischemic core since postprocessing methods vary widely among manufactures, 22 and since there are currently no operationally defined and universally accepted thresholds. 17 We therefore manually segmented the perfusion deficit on every axial slice using the OsiriX closed polygon tool to create an ROI; thus, the extent of the perfusion deficit could be evaluated by comparison with the contralateral hemisphere. The infarct volume was then calculated using the OsiriX volume calculation tool.
Follow-Up Image Analysis
An MRI with a diffusion-weighted sequence or NECT acquired at least 1 day after the initial CTP was used to assess follow-up lesion size. On MRI, lesions were assessed in the diffusion-weighted sequence with a b value of 1000 s/mm 2 . Volumetric analysis was performed using OsiriX version 4.0 as described for CTP analysis.
To assess the association of collateralization with the discrepancy between initial CTP and follow-up, we calculated the difference between the follow-up lesion size and the CBV lesion size on initial CT perfusion. Cerebral blood volume was chosen as it has been used as a surrogate marker of initial ischemic core. 20 
Statistical Analysis
We performed all statistical analyses using SPSS (Version 21.0; IBM, Armonk, NY, USA).
All metric and normally distributed variables are reported as mean ± standard deviation; non-normally distributed variables are presented as median (interquartile range). Categorcial variables are presented as frequency and percentage.
Normal distribution was assessed using the Kolmogorov-Smirnov test. In case of not-normally distributed variables, a square root transformation was performed and the Kolmogorov-Smirnov test was repeated.
Univariate linear regression analysis was used to test the association between predictors and outcome variables (MTT lesion size, CBV lesion size, relative mismatch, follow-up lesion size, CBV-follow-up difference). These variables were included as predictors: age, sex, additional ICA occlusion, collateral blood flow delay, origin of dominant collateralization, morphologic collateral extent, visible ACoA, visible PCoA, visible early temporal branch, IV thrombolysis, and mechanical thrombectomy.
Multivariate linear regression was used for adjusted analyses. Variables significantly associated with a favorable outcome (Po0.2) in the univariate regression were included in the multivariate models. P values below 0.05 were considered to indicate statistical significance.
To provide interpretable results in the multivariate analysis in cases of not-normally distributed variables and square root transformation, analyses were performed for the original variables and the square root transformed variables. 23 
RESULTS

Study Population
Among our cohort of 1791 patients, 1,447 had WB-CTP raw data sets available. Of these patients, 698 had an acute ischemic lesion on CT perfusion, and of those, 147 patients showed a complete M1 occlusion on conventional and dynamic CTA and were included for further analysis. Out of these 147 patients, we excluded 21 due to missing follow-up imaging, 4 due to nondiagnostic quality of dynamic CTA, 2 due to insufficient temporal scan coverage of dynamic CTA, and 4 due to lack of collateral reconstitution of the M2 segment distal to the occlusion. The remaining 116 patients constituted the study cohort ( Figure 2 ).
Baseline Characteristics
The mean age was 70 ± 14 years. Fourty-seven (40.5%) patients were male. In the majority of patients, the dominant collateralization originated from a posterior cerebral artery (PCA) (74 subjects, 63.8%). Fifteen patients (12.9%) had dominant collateralization originating from the anterior cerebral artery (ACA). In 27 patients (23.3%), the origin was indeterminate due to evenly balanced anterior and posterior contributions. The mean collateral blood flow delay was 7.96 ± 4.02 seconds. Follow-up was with MRI in 53 patients (45.7%) and with CT in 63 patients (54.3%). Patient characteristics are given in Table 1 .
Association of Dynamic Computed Tomography Angiography with Initial Computed Tomography Perfusion
In the univariate analysis, a short collateral blood flow delay and a high morphologic collateral grade were significantly associated with a small MTT lesion (P o 0.001), a small CBV lesion (P o0.001), and a large relative mismatch (P o 0.001). Figure 3A shows the correlation between the collateral blood flow delay and CBV lesion size. Lack of an additional ICA occlusion and a visible early temporal branch were also significantly associated with a small MTT lesion (P = 0.003 and P = 0.006, respectively), a small CBV lesion (P o0.001 and P = 0.020, respectively), and a large relative mismatch (P o0.001 and P = 0.035, respectively). Female sex was significantly associated with a small MTT lesion (P = 0.006). No statistical significance was evident for the origin of the dominant collateralization ( Table 2 ).
In the multivariate analysis, a short collateral blood flow delay was significantly associated with a small CBV lesion (P o 0.001) and a large relative mismatch (P o 0.001). A high morphologic collateral grade was significantly associated with a small MTT lesion (P = 0.002), a small CBV lesion (P o 0.001), and a large relative mismatch (P o0.001). Lack of an additional ICA occlusion was significantly associated with a small CBV lesion (P = 0.018) and a large relative mismatch (P = 0.046). A visible early temporal branch and female sex were significantly associated with a small MTT lesion (P = 0.033 and P = 0.029, respectively). The findings indicate these predictors operate independently and provide complementary information. The adjusted coefficients of determination were 0.283 for MTT lesion size, 0.751 for CBV lesion size, and 0.717 for relative mismatch.
CBV lesion size was not normally distributed and its consistency was verified after square root transformation.
Association of Dynamic Computed Tomography Angiography with Follow-Up Lesion Size
In the univariate analysis, a short collateral blood flow delay (P o 0.001), a high morphologic collateral grade (Po 0.001), lack of an additional ICA occlusion (P o0.001), a visible early temporal branch (P = 0.034), IV thrombolysis (P = 0.001), and mechanical thrombectomy (P o0.001) were significantly associated with a small follow-up lesion ( Table 2) . Figure 3B shows the correlation between collateral blood flow delay and follow-up lesion size; examples are presented in Figure 4 .
In the multivariate analysis, a short collateral blood flow delay (P o 0.001), a high morphologic collateral grade (P = 0.001), lack of an additional ICA occlusion (P = 0.009), IV thrombolysis (P = 0.022), and mechanical thrombectomy (P = 0.048) were significantly associated with a small follow-up lesion. The adjusted coefficient of determination was 0.560.
The variable follow-up lesion size was not normally distributed; no more statistical significance was evident for mechanical thrombectomy after square root transformation (P = 0.152). Statistical significance was not affected by square root transformation for the other variables.
Association of Dynamic Computed Tomography Angiography with Computed Tomography Perfusion-Follow-Up Difference
In the univariate analysis, a short collateral blood flow delay (P o 0.001), a high morphologic collateral grade (Po 0.001), lack of an additional ICA occlusion (Po 0.001), IV thrombolysis (P = 0.001), and mechanical thrombectomy (P o0.001) were significantly associated with a small CBV-follow-up difference.
In the multivariate analysis, only a short collateral blood flow delay (P = 0.024), IV thrombolysis (P = 0.044), and mechanical thrombectomy (P = 0.015) were significantly associated with a small CBV-follow-up difference. The adjusted coefficient of determination was 0.287.
The CBV-follow-up difference was not normally distributed. Consistency of statistical significance was verified after square root transformation of this variable.
DISCUSSION
In this exploratory study on collateral circulation in acute ischemic stroke, we showed that dynamic CTA provides useful information about collateral blood flow. We found that the morphologic extent of the collaterals and the collateral blood flow delay were independent predictors of CTP and follow-up lesion size.
Our findings are consistent with and extend prior reports showing robust collateralization in dynamic CTA to predict a small follow-up lesion. 14 In these studies, the collateralization status was assessed based on the maximal morphologic extent of collateral vessels over the entire scan time. While important, no information about the time point of collateral reconstitution was provided with this method.
Other studies showed that dynamic CTA can be used to determine the origin of the collaterals and to measure the time point of enhancement in these vessels; 11, 16 however, the predictive value of this information had not been assessed. In our study, we show that the collateral blood flow delay is an independent predictor of high relative mismatch on initial CTP and a small follow-up lesion as well as a small difference between initial CBV and follow-up lesion size. Thus, the collateral blood flow delay adds important functional information to an assessment limited to the morphologic extent of collaterals. To our knowledge, this is the first study to quantitatively show a predictive value of the collateral blood flow delay independent of the morphologic collateral grade. Qualitative assessment of hemodynamic and morphologic parameters of leptomeningeal collaterals has been used in catheter angiography grading systems and has been shown to predict a favorable outcome, [24] [25] [26] showing the importance of enhancement time for collateral quality. Saito et al. 27 assessed the correlation of transit time from the ICA to the M2 segment with the lesion size on follow-up NECT. However, only a few patients were included and no statistical tests were performed. Our results extend these observations because we could show that collateral blood flow delay is an independent predictor using the more feasible dynamic CTA.
These findings further suggest the use of the ASITN/SIR grading system over approaches that ignore temporal information since it combines qualitative assessments of the morphologic extent and the velocity.
Although dynamic CTA and the CTP are reconstructed from the same data set, they display different vessel compartments and therefore merit separate evaluation. In our study, a short collateral blood flow delay and a high morphologic collateral extent were independently associated with a small CBV lesion and a high relative mismatch on initial CT perfusion. These results show that a territory with reduced CBV represents an area receiving limited collateral blood flow thereby providing further evidence that collateralization and penumbral extent are tightly linked. 3 We hypothesize that collateral blood flow delay is an indicator of collateral functionality. A short collateral blood flow delay may represent high collateral blood pressure leading to fast filling of collaterals and might increase the effectiveness of perfusion of the cerebral microcirculation represented by CTP parameters. Collateral blood flow delay may therefore potentially serve as an indicator for the selection of patients who are likely to benefit from therapies that enhance collateralization. At present benefit of therapies such as hemodilution and induced hypertension are controversial. 28 With respect to patient outcome, a short collateral blood flow delay and a high morphologic extent of collaterals were also independent predictors of a small follow-up lesion. This emphasizes the importance of evaluating both parameters. The predictive value of the morphologic extent is consistent with previous reports using dynamic CTA and other imaging techniques. 4, 14, 26 Notably, both delay and extent remained independent predictors after correcting for IV thrombolysis and mechanical thrombectomy. This suggests the beneficial effect of good collateralization in dynamic CTA, even in the absence of interventions. Previous reports indicated that the extent of collateralization in dynamic CTA predicts response to IV thrombolysis. 14 The collateral blood flow delay may further improve the response to IV thrombolysis since a short delay might allow more effective delivery of recombinant tissue plasminogen activator to the distal parts of the thrombus. Further studies are needed to clarify this point.
Together with IV thrombolysis and mechanical thrombectomy, a short collateral blood flow delay was an independent predictor of a small difference between initial CBV and follow-up lesion size. Notably, morphologic collateral extent was not a significant predictor in the multivariate analysis. This provides further insight into which factors determine penumbral loss. Recent studies have showed that good collateralization at baseline is an independent predictor of small penumbral loss 23 and that collateral failure is associated with infarct growth. 3 Our results add to that by showing an important role for collateral functionality as shown by the collateral filling velocity. These findings are in line with previous studies using Tmax to assess delay in CT perfusion.
Nagakane et al. 29 showed that the risk of subsequent infarction increases if Tmax increases and that this probabilistic approach allowed a better prediction of the final infarction volume than single cutoff values. 29 It is likely that in patients with a longer collateral filling time there is an increased proportion of tissue-atrisk with higher Tmax values. Assuming an increased likelihood of infarction for this tissue as suggested by Nagakane et al., this may explain the observed association between collateral filling time and infarct growth. This is further emphasized by a recent study showing that a small proportion of tissue with Tmax values ≥ 10 seconds within tissue with a Tmax value of ≥ 4 seconds is associated with decreased infarct growth. 30 Thus, our results may indicate the importance of the collateral filling velocity in the assessment of dynamic angiographies and may further stress probabilistic approaches taking into account the distribution of parameter values in the assessment of CT perfusion. It would, however, be desirable to investigate the influence of the morphologic extent in a larger sample and to assess the total extent of collaterals in a more quantitative way as these may be factors that have led to an underestimation of the impact of the morphologic extent in our sample.
A further independent predictor of a small follow-up lesion size was the administration of IV thrombolysis. There was no evidence that the origin of dominant collateralization influenced outcome, i.e., the extent of collateralization did not differ among groups with different origins. However, these results have to be interpreted cautiously as there were only 15 patients with an anterior dominant pattern versus 74 patients with a posterior dominant pattern.
These data must be interpreted in the context of the study design. As a retrospective study, there is a potential for bias in patient selection. The use of a large cohort of consecutive patients and standardized protocols for patients with suspected stroke, however, helped to minimize this problem. Furthermore, although mechanical thrombectomy and treatment with intravenous recombinant tissue plasminogen activator were included, the state of recanalization was not assessed. However, our data apropos the follow-up infarct volume indicate that the predictive value in the initial dynamic CTA is independent of spontaneous or therapy-induced recanalization. In addition, the use of both CT and MRI as follow-up might result in heterogeneity of volume measurements. Further, measuring regional contrast enhancement CTP parameters would be a more quantitative approach but may be more heavily influenced by factors such as severe patient motion.
Finally, measurement of the delay in the M2 segment and averaging of all M2 measurements is a relatively rough assessment and we acknowledge that the association between the averaged M2 delay and the lesion size might be affected by (1) further occlusions distal to the M1 segment, (2) different prominences of M2 trunks, and (3) differences in the filling time of collaterals in different areas of the MCA territory.
In conclusion, we showed that assessment of the velocity of collateral filling using dynamic CTA provides an important predictor of initial CTP and follow-up lesion size and adds functional information to assess the morphologic extent of collaterals.
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